The habitable zone (HZ) is conventionally the thin shell of space around a star within which 1 liquid water is thermally stable on the surface of an Earth-like planet (Kasting et al., 1993) . 
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Habitable zones and deep biospheres
The concept of a circumstellar habitable zone (HZ) was formalised by Kasting et al. (1993) and 18 is widely employed in the planetary sciences. Within the conventional HZ, global average 19 planetary surface temperatures-buffered by a CO 2 weathering cycle-fall between the limits of 20 runaway greenhouse warming at the inner edge and runaway cooling driven by CO 2 21 condensation at the outer edge. Outside these limits, planetary surfaces are thought to be unable 22 to sustain liquid water and therefore life. In our own solar system, however, some of the most 23 promising candidates for habitable extraterrestrial environments are in the subsurface of planets 24 and moons outside the conventional HZ, such as Mars and Jupiter's moon Europa (e.g. Boston et 25 al., 1992; Fisk and Giovannoni, 1999; Gaidos et al., 1999) .
27
It has long been recognised that subsurface life on Earth provides a model for understanding how 28 life could adapt to conditions deep within a colder rocky planetary body (e.g. Gold, 1992) .
29
Micro-organisms inhabit pores and fractures at depths of up to several km in the Earth's crust, 30 constituting a -deep biosphere‖ with a total biomass that may be similar to the -surface 31 biosphere‖ (Whitman et al., 1998) . Much of the deep biosphere relies on buried photosynthetic 32 organic matter and dissolved oxidants from the surface. However, some organisms 33 (chemolithoautotrophs) obtain nutrients and energy from geochemical sources that are largely 34 independent of surface conditions (Lin et al., 2006) . Nutrients and redox couples for metabolism 35 are widespread in rocks, minerals and circulating fluids (e.g. Fisk and Giovannoni, 1998; Popa et 36 al., 2012) . Hence, deep aquifers and hydrothermal systems in crystalline and sedimentary rocks 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 provide a habitable environment that could persist beyond the outer edge of the conventional 38 habitable zone. This scenario has been widely discussed in relation to Mars, where aquifers could 39 exist less than ten km below the surface (Travis et al., 2003) . Similarly, many workers have 40 discussed whether Jupiter's moons Europa, Callisto and Ganymede, Saturn's moon Titan, and 41 other icy moons of the outer solar system may provide habitable conditions in deep oceans 42 beneath their outer ice shells (see Raulin et al., 2010 for review) . Here, we extend the widely 43 used quantitative model of Kasting et al. (1993) We introduce a new term, -subsurface-habitability zone‖ (SSHZ) to denote the range of 49 distances from a star within which terrestrial planets are habitable at any depth below their 50 surfaces up to a certain maximum, z max (for instance, within the -SSHZ for 2 km depth‖, planets 51 can support liquid water at a depth of 2 km or less). SSHZs directly extend the conventional 52 habitable zone, which is reproduced by setting z max equal to 0. In this paper, we show how 53 SSHZs can be estimated from a model of how the global average temperature (1) decreases with 54 increasing orbital distance, and (2) increases with depth in the crust.
55
The -habitable layer‖ is placed where global average temperatures fall between T min , the freezing 56 point of water, and T max , the upper limit of viability for known life, until the base is truncated by 57 z max (Figure 1) . We find the thickness and depth of the habitable layer by coupling a 58 conventional model for planetary surface temperature (as a function of orbital distance) with a 59 geothermal gradient. The outer edge of the SSHZ is placed at the heliocentric distance where the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Kasting et al. (1993) , using the updated boundary conditions of Kopparapu et al. (2013) .
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Replacing T eff , the effective temperature due to solar radiation (i. 
Habitable layers and SSHZs

118
The flux of internal heat to the surface, q, is obtained by dividing Q int by the surface area of the 119 planet. The increased lag time for internal heat to reach the surface of larger planets is not taken 120 into account; this increase may be small given that mantle convection rates are expected to scale 121 with M 1.19 (Valencia et al., 2007) . A depth interval Δz corresponding to a temperature increase
122
T 1 − T 0 is found by: 
214
The age and hence accretional heat reserves of exoplanets of known mass might be very broadly 215 constrained by the spectroscopic and activity profiles of their host stars (Lachaume et al., 1999) .
216
Planetary radiogenic heat production depends on both age and the initial abundance of 217 radioactive isotopes of U, Th and K. 70 -90% of stars surveyed formed in clusters within gas or 218 dust clouds; 75% of these clusters contain massive stars, implying a high likelihood of 219 contamination by supernova explosions (Lada and Lada, 2003 (Szewzyk et al., 1994; Borgonie et al., 237 2011; Huber et al., 1994) . Substituting the higher conductivity of continental crust into our 238 model predicts an average continental biosphere thickness of ~4 km.
239
We have not considered the effects of impurities (e.g. ammonia) and ultra-high pressures on the (Grasset et al., 2000) and accounting for the pressure-dependent melting point and temperature-252 dependent thermal conductivity of water ice (Chizhov, 1993; Petrenko and Whitworth, 1999) , we 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 obtain an ice thickness of ~85 km at Titan's present position and an SSHZ outer edge of ~1 AU 254 for 10 km depth. A sophisticated treatment of the internal structure of icy bodies is beyond our 
2 Adaptation to icy bodies
Conclusions
264
The example of our own solar system suggests that most planets in the universe are beyond the 265 outer edge of conventional surface habitable zones, although exoplanets closer to their stars are 266 easier to detect. Moreover, surface habitability may commonly be precluded by ionizing solar 267 and cosmic radiation, especially under thin atmospheres and weak geomagnetic fields; or by 268 corrosive atmospheres, while the subsurface is insulated from these hazards by layers of rock 269 (Fisk and Giovannoni, 1998; Dartnell et al., 2007) . Besides a favourable temperature, pressure 270 and radiation environment, life requires long-term nutrient and energy supplies. Subsurface 271 environments in both rocky and icy bodies are likely to meet these requirements for at least low 272 levels of biological activity while partially or even completely isolated from surface (Gaidos et 273 al., 1999; Lin et al., 2006; Sleep, 2012) . These considerations, together with our results, suggest 274 that habitable environments may occur much more commonly deep within planets and moons
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